Little is known about longitudinal associations between added sugar consumption (solid and liquid sources) and glucoseinsulin homeostasis among youth. Caucasian children (8-10 y) with at least one obese biological parent were recruited in the QUébec Adipose and Lifestyle InvesTigation in Youth (QUALITY) cohort (n = 630) and followed-up 2 y later (n = 564).
Introduction
The prevalence of hyperglycemia and diabetes is rising globally (1). Impaired fasting glucose and impaired glucose tolerance represent intermediate prediabetic conditions in the transition between normal glucose homeostasis and diabetes (2) . The rapid progression from normal glucose homeostasis to the development of prediabetes in children and adolescents underscores the need for prevention (3) . Obesity has been regarded as one of the most important risk factors of developing insulin resistance (4) . An analysis of 4902 adolescents aged 12-19 y in the NHANES (1999) (2000) (2001) (2002) indicated that the prevalence of insulin resistance was 3%, 15%, and 52% in normal-weight, overweight, and obese adolescents, respectively (5) .
Diet worldwide has been sweetening in recent decades, with dramatic increases in the consumption of sweeteners (6) . Although recent data from the United States indicate decreases in the consumption of added sugars, the mean intake remains high (7) . Youth are the highest consumers of added sugars, with children aged 9-13 y consuming as much as 1753 kJ/d of added sugars (8) . Sugar-sweetened beverages (SSBs) 11 are the largest source of added sugars in the American diet (9) . Other important sources of added sugar are all from solid food sources, including grain-based desserts, dairy desserts, candies, and ready-to-eat cereals (8) .
A systematic review indicates longitudinal associations between higher intake of added sugars and weight gain in both youth and adults (10) . To date, although a number of cohort studies in adults (11) and some cross-sectional studies in youth (12) (13) (14) suggested that higher SSBs intake may increase the risk of insulin resistance, there is no longitudinal evidence in children or adolescents of the relation between added sugar consumption and glucose/insulin homeostasis. In addition, the sources of added sugars (solid vs. liquid) may lead to different influences on adiposity and glucose homeostasis. Two randomized controlled trials (15, 16) in adults suggest that only added sugars from liquid sources promote positive energy balance and a reduction in liquid added sugar intake had a stronger effect than did a reduction in solid added sugar intake on weight loss. However, to date, only one longitudinal study in youth examined the impact of liquid sources alone (17) . Considering the large proportion of added sugars that come from solid sources consumed among youth, the AHA recently called for further evidence of the effects of consuming dietary sugar from solid compared with liquid sources on cardiovascular health (18) . This current study was designed to determine if added sugar consumption is associated with the development of adiposity, impaired glucose homeostasis, or insulin sensitivity (IS) in a sample of Canadian youth at risk of obesity and to assess whether associations differed according to the sources of added sugars (solid vs. liquid).
Methods
Sample and study design. The study is a secondary analysis of data from the QUébec Adipose and Lifestyle InvesTigation in Youth (QUALITY) study, an ongoing prospective cohort investigation. The sample included 630 children aged 8-10 y at baseline (2005) (2006) (2007) (2008) , of whom 564 children finished the investigation at the 2-y follow-up (47 refused and 19 were lost to follow-up). Methods for this study were previously described in detail (19) . All children were at risk of obesity, because the inclusion criteria required that at least one biological parent had a BMI $30 kg/m 2 or central obesity (waist circumference >88 cm for women and >102 cm for men). The selection criteria for children also included no diagnosis of diabetes, not following a very restricted diet (< 2510 kJ/d), no regular medications, and no serious psychological ailments. Anthropometry and physical activity were assessed and blood samples were collected both at baseline and the 2-y follow-up. Interviewer-administered questionnaires and biological and physiological measurements among children were carried out during a full-day visit at the Unité de recherche clinique du Centre Hospitalier Universitaire Sainte-Justine in Montreal or Hospital Laval in Québec City. This project was approved by the ethics review boards at Centre Hospitalier Universitaire Sainte-Justine and Laval University. Written informed assent and consent were obtained from children and their parents, respectively.
Dietary assessment. Dietary assessment was undertaken at baseline in three 24-h dietary recalls on nonconsecutive days of the week, including one weekend day. All dietary records were completed by a registered dietitian 8-12 wk after the clinic visit. To minimize the response burden to families, recalls were conducted by telephone interview. During the clinic visit, each participant received a disposable kit of food portion size models (i.e., a graduated cup, bowl, and other portion size models). Both children and their parents were given a short training session on the use of the models. Interviews were conducted with the child, and parents helped with food descriptions and cooking details when necessary. All dietary data were entered into the CANDAT Nutrient Analysis Software (Godin London), which provides a nutrient analysis based on the Canadian Nutrition Files (CNF) 2007b and 2010 (2010 version was used for estimating added sugars only). It allows for the creation of food groups, in this case liquid and solid forms of added sugar. In all, 551 of 564 participants completed three 24-h dietary recalls.
Because the CNF provides data on total sugars only, the USDA Database for the Added Sugars Content of Selected Foods was used for estimating added sugars. If the USDA and CNF values for total sugars were the same, the USDA added sugar values were recorded without modification. If the exact or similar item was in the USDA database, but the total sugar values differed from the CNF, the total sugar values from the CNF were retained and the added sugar values from the USDA database were modified using the formula: added sugars = [added sugars (USDA database) 3 total sugars (CNF)]/total sugars (USDA database). For foods with missing total sugar values, Nutrition Facts labels found on the manufacturerÕs Web sites were used. In the case of items that did not have Nutrition Facts labels, the total sugar values were taken from the most similar food item.
Added sugars were categorized into liquid and solid food sources. Liquid sources included SSBs and flavored milk (FM). A food group was created for SSBs in CANDAT, which included soft drinks, fruit drinks, sports drinks, and sweetened tea (but not diet drinks or 100% fruit juice). The FM group was created to include ready-to-drink chocolate or other-FMs and homemade FM (plain milk to which chocolate flavor powder or syrup was added). Added sugars from solid sources were calculated as total added sugars minus added sugars from liquid sources.
Anthropometric measurements. At each clinic visit, anthropometric characteristics were measured according to standardized protocols (20) , including height (stadiometer), weight (electronic scale), and waist circumference (standard measurement tape). Age-and-sex specific BMI percentiles for children were computed using the CDC growth charts (21) . Fat mass was determined with DXA (Prodigy Bone Densitometer System, DF+14664, GE Lunar) (22) , which was converted into a fat mass index (FMI) by dividing total fat mass (kg) by height squared (m 2 ) (23). All baseline participants were subcategorized into 2 groups: overweight/ obese (BMI $85 percentile) and normal weight (BMI <85 percentile). Pubertal stage was scored by trained nurses according to Tanner (24, 25) as a means of controlling for differences among children in maturational development not captured in reference growth curves for BMI (26) .
Oral glucose tolerance test. At each clinic visit, blood samples were obtained from each child by venipuncture after an overnight fast. A 120-min oral glucose tolerance test (OGTT) was performed and blood was collected at 30, 60, 90, and 120 min after an oral glucose dose of 1.75 g/kg body weight (up to a maximum of 75 g). Blood samples were centrifuged, aliquotted, and stored at 280°C until analyzed for fasting plasma glucose. All biochemical analyses were conducted at the Department of Clinical Biochemistry of the Centre Hospitalier Universitaire Sainte-Justine. HOMA-IR was calculated using the formula: fasting plasma glucose (mmol/L) 3 fasting plasma insulin (pmol/L)/22.5; higher concentrations indicate greater insulin resistance (27) . HOMA-IR has been validated as a simple and practical method to measure insulin resistance in children and adolescents (28) . IS was assessed by Matsuda-IS Index (Matsuda-ISI), which was calculated as 10,000/square root [(fasting plasma glucose 3 fasting plasma insulin) 3 (mean OGTT glucose 3 mean OGTT insulin)] (29); lower values indicate decreased IS. The Matsuda-ISI has been validated against the current gold standard method as one of the best OGTT-based indices for estimating IS in children (30) .
Physical activity measurement. ParticipantsÕ physical activity was measured using a uniaxial activity monitor (Actigraph LS 7164 activity monitor, Actigraph) for 7 d during the week following the clinic visit. To keep consistent with current procedures used by the Canadian Health Measures Survey (31), a minimum of 4 d was required and days were excluded when the accelerometer was worn for <10 h. Ninety-seven percent of children had >4 d of accelerometer data with a mean of 13.4 h daily in the unit of counts per minute (32) , which has been shown to ensure adequate reliability (33) .
Statistical analysis. Added sugar intake, covariate measures, indicators of adiposity, glucose homeostasis, and insulin resistance were described in all children who participated in the investigations at both baseline and follow-up and in the 2 weight-based subgroups (overweight/obese vs. normal-weight participants) using proportions and means 6 SDs. Independent t tests were used to compare 2-y changes in outcome variables (fat mass, BMI, waist circumference, fasting plasma glucose, fasting plasma insulin, HOMA-IR, and Matsuda-ISI) between overweight/obese and normal-weight individuals. In the multivariate linear regression models, 2-y changes in outcome variables were separately examined in all participants and in the 2 subgroups, adjusting for the baseline value of the outcome variable, as well as age, sex, Tanner stage, energy intake, FMI, and physical activity. Separate strata by weight group were used, because interaction terms (added sugars 3 overweight status at baseline, for both solid and liquid added sugars) were significant for several outcome variables (fasting glucose and HOMA-IR) in the regression models. The b-coefficients were used to describe changes in the outcome variables associated with a 10g/d increase in added sugar intake. All statistical analyses were conducted using STATA 11.0 (StataCorp). Significance was set at 5% (2-tailed).
Results
The added sugar intake level and covariates controlled for in regression models of the QUALITY study participants at baseline are described in Table 1 . The mean consumption of added sugars from solid and liquid sources was 40.4 and 11.4 g, respectively, in all participants. The mean age for all participants was 9.6 y at baseline; 55.5% were boys and 41.1% were classified as overweight/obese. Daily mean energy intake was 7120 kJ for all participants, with no significant difference between the 2 subgroups. Overweight/obese children consumed less solid added sugars, had a higher FMI, and a higher percentage above Tanner stage 1 and were less physically active than normal-weight children.
During 2 y, most overweight/obese children at baseline (200 of 232) remained so and another 17 went from normal weight to overweight/obese. A mean increase in weight, fat mass, BMI, and waist circumference was observed in all participants, with significantly greater increases among overweight/obese children compared with normal-weight children ( Table 2) .
Metabolic indicators of glucose and insulin resistance are presented in Table 3 . The concentrations of fasting glucose, fasting insulin, and HOMA-IR all increased over time, whereas the Matsuda-ISI decreased on average among all participants. Overweight/obese children had significantly greater increases in both fasting insulin and HOMA-IR. A significantly greater decrease of Matsuda-ISI was detected in normal-weight children compared with overweight/obese children; this may be because more overweight/obese children had entered puberty at baseline compared with normal-weight children, but these differences were not as prevalent at the 2-y follow-up.
The results of the multivariate linear regression analyses of the longitudinal associations between intake of added sugars (solid vs. liquid) and 2-y changes in the outcome variables are displayed in Table 4 . There were no significant associations between consumption of added sugar (solid or liquid sources) and 2-y changes in fat mass, BMI, or waist circumference. In all participants combined, each additional 10 g/d of added sugars from liquid sources was associated with 0.04 mmol/L higher fasting plasma glucose (P < 0.01), 2.2 pmol/L higher fasting plasma insulin (P < 0.01), 0.1 unit higher HOMA-IR (P < 0.01), and 0.3 unit lower Matsuda-ISI (P < 0.01) after the 2-y followup. In stratified analyses based on baseline weight category, stronger associations between added sugars from liquid sources and HOMA-IR were observed in overweight/obese children. No associations were detected between consumption of added sugars from solid sources and 2-y changes in the indicators of glucose homeostasis or IS.
Regression calibration has been used to include the added sugar intake on the 3 individual days for adjusting potential measurement errors and within-person variation. The results remained similar to our estimates using the mean intake of 3-d Added sugars and glucose-insulin homeostasis 83
recalls. In addition to directly adjusting for energy as a covariate, it was included in separate models in the independent variable as ''percentage of energy intake from added sugar'' and the results remained similar (Supplemental Table 1 ). Residual plot analysis was used as a sensitivity analysis for the regression models, and this also supported our original findings.
Discussion
Although many studies have examined the associations between consumption of added sugars in liquid form of SSBs and weight gain in both youth and adults, no study, to our knowledge, in youth has previously provided longitudinal evidence concerning added sugar consumption, glucose homeostasis, and insulin resistance. Our study found that consumption of added sugars from liquid, but not solid sources, predicted a higher risk of impaired glucose homeostasis (i.e., increased fasting glucose) and insulin resistance (i.e., increased fasting insulin and HOMA-IR and decreased Matsuda-ISI) during a 2-y period in childhood. There was no association between consumption of added sugars from either solid or liquid sources and changes in adiposity.
Research on the association between added sugar consumption and adiposity is still inconclusive. Although a number of studies in several recent review articles have suggested a positive link between intake of added sugars (mostly from SSBs) and weight gain in youth (34, 35) , negative findings were also reported. A longitudinal study of 2139 Finnish youth (3-18 y at baseline) reported no association between consumption of added sugars from solid sources (sweets) at youth and being overweight in adulthood during 21 y. Another longitudinal study of 1203 British children found no evidence of an association between SSBs consumption at age 5 or 7 y and total fat mass at 9 y (36). Our findings are in agreement with the above 2 cohort studies. Very few studies (17, 37) have examined the association between consumption of solid added sugars and adiposity in youth and neither report a positive association. When examining added sugars as a whole, results might vary depending on the proportion of solid compared with liquid (36) . Further longitudinal evidence of consumption of added sugar from both sources and weight gain in youth is warranted.
Previous cohort studies in adults and limited evidence from cross-sectional studies and short-term randomized controlled trials in youth reported associations between dietary sugar intake and the risk of prediabetes. Davis et al. (38) examined 120 overweight Latino youth (10-17 y) and reported that higher dietary sugar intake was cross-sectionally associated with lower IS and measures of insulin secretion. Another recent crosssectional analysis of 546 European adolescents indicated that frequent consumption of SSBs ($5-6 times/wk) was related to increased HOMA-IR (12) . A 16-wk behavioral intervention trial in 54 overweight Latino adolescents randomly assigned individuals to an intervention group that reduced added sugar intake by the equivalent of 355 mL/d of soda compared with control showed significant improvement in insulin secretion (39) . In addition, most current studies (34), including our previous cross-sectional findings with QUALITY participants (14) , only provide evidence for intake of SSBs or added sugars as a whole. In this study, we examined added sugar intake from liquid and solid sources and found that liquid, but not solid added sugar, predicted increased concentrations of fasting glucose, fasting insulin, and HOMA-IR and a decreased Matsuda-ISI during 2 y, independent of adiposity. In addition, the increase in HOMA-IR associated with liquid added sugar consumption was more evident in children who were overweight or obese at baseline.
Studies comparing the impact of added sugars from liquid compared with solid foods have been conducted only in adults to date. In an early cross-over design, 7 males and 8 females were given sugar loads (1880 kJ/d) as a liquid (soda) or solid (jelly beans) during two 4-wk periods separated by a 4-wk washout. The authors reported that only liquid sugars promoted positive energy balance and increased body weight (BMI) (15) . A prospective study of 810 adults participating in an 18-mo randomized controlled behavioral intervention trial found that a reduction in liquid energy intake (SSBs) had a stronger effect on weight loss than did a reduction in calories from all solid foods (16) . One possible mechanism is that dietary compensation is weaker for sugar intake from beverages than for solid food forms of comparable nutrient content (40) and their differences in volume, energy density, and osmotic properties (15) .
The QUALITY cohort has several strengths, including robust measures of adiposity indicators (fat mass, by DXA), glucose homeostasis and IS (by OGTT), and physical activity (by accelerometry) at both baseline and follow-up in a large number of children. In addition, the detailed three 24-h dietary recalls at baseline enabled us to estimate added sugar values from both solid and liquid food sources. Underreporting is prevalent among self-reports of dietary surveys among both youth and adult populations (41) . Specific food items, particularly ''unhealthy'' foods rich in fat and/or added sugars (such as SSBs, sweets, and fast foods, etc.), are more frequently underestimated during dietary recalls (42) . It has also been found that underreporting increases with BMI, but underestimation of energy intake is not confined to overweight individuals (43) . Thus, the associations demonstrated in this study may be even stronger if the dietary intakes were more accurately noted. Despite the relatively low consumption of added sugars from SSBs in this There is some concern about the ability to quantify added sugar completely accurately. In fact, the USDA recently removed the added sugar database from its Web site due to constant changes in formulations for a large number of commercial and multiingredient foods. The use of this database in conjunction with our own data from food labels may have led to some misclassification, but these are the best tools currently available. Although the generalizability of the findings may be restricted to youth with at least one obese parent, this group comprises a substantial number of children in the general population. The availability of sugar-sweetened foods and beverages at home, in schools, and in neighborhoods (such as in corner stores, etc.) all influence youthsÕ food choices (44) . To date, no specific recommendations have been made for an upper cutoff level for the quantity of added sugars for healthy children. The mean daily intake of added sugars in QUALITY participants was 854 kJ, higher than the recommendation proposed by AHA to reduce added sugar intake to no more than 418 and 628 kJ/d for most American women and men, respectively (18) .
This study detected longitudinal associations between added sugar intake in liquid form and a higher risk of impaired glucose homeostasis and IS. Increased focus on reducing the consumption of added sugars, especially from liquid sources may be a useful strategy to prevent the development of prediabetes in youth. 
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